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Summary
The evolutionary and behavioral significance of an animal’s
color patterns remains poorly understood [1–4], not least,
patterns that reflect ultraviolet (UV) light [5]. The current
belief is that UV signals must be broad and bold to be de-
tected because (1) they are prone to scattering in air and
water, (2) when present, UV-sensitive cones are generally
found in low numbers, and (3) long-wavelength-sensitive
cones predominate in form vision in those species tested
to date [6]. We report a study of two species of damselfish
whose appearance differs only in the fine detail of UV-reflec-
tive facial patterns. We show that, contrary to expectations,
the Ambon damselfish (Pomacentrus amboinensis) is able
to use these patterns for species discrimination. We also
reveal that the essential features of the patterns are con-
tained in their shape rather than color. The results provide
support for the hypothesis that UV is used by some fish
as a high-fidelity ‘‘secret communication channel’’ hidden
from predators [7, 8]. In more general terms, the findings
help unravel the details of a language of color and pattern
long since lost to our primate forebears, but which has
been part of the world of many seeing organisms for millions
of years.
Results and Discussion
In the first experiment, we tested whether the Ambon damsel-
fish (Pomacentrus amboinensis) uses ultraviolet (UV) colora-
tion for species discrimination by measuring the strength of
the territorial defense response in the presence of both con-
specific (P. amboinensis) and heterospecific lemon damselfish
(P.moluccensis) intruders (Figures 1Aa and 1Ba). Both species
are naturally found in similar, often overlapping habitats on the
reef. On the basis of our own observations, we knew that,
similar to other damselfish, conspecifics are attacked more
strongly than heterospecifics, presumably because of a higher
level of competition for food and mates [9]. We used this pref-
erence to directly test our hypothesis. We predicted that if
territory owners demonstrated a preference to attack conspe-
cifics under natural daylight illumination, they might not show*Correspondence: u.siebeck@uq.edu.authis preference in the absence of UV illumination, because the
UV facial pattern would no longer be visible to them and the
remaining reflectance differences would not be sufficient for
species discrimination (see Figures S1 and S2 available on-
line). To test this, we placed two size-matched male fish
from each species into plastic tubes and presented them
simultaneously to a territory owner (P. amboinensis male) in
its natural habitat on the reef. In total, four pairings of UV-trans-
parent and UV-opaque filter tubes were tested in random
order. Based on the results in which both tubes transmitted
UV light, we found that 22 of 28 territory owners showed a
reliable preference to attack a conspecific intruder, whereas
the remaining 6 fish preferentially attacked heterospecific
intruders. Analysis of the other three filter combinations
proceeded on the basis of this preference. The results,
summarized in Figure 2, were analyzed via a 4 3 2 repeated-
measures analysis of variance (ANOVA) with ‘‘filter combina-
tion’’ and ‘‘preferred intruder’’ as independent variables. The
analysis revealed no significant effect of filter combination
(F3,81 = 0.768, mean squared error = 7.385, p = 0.515), indi-
cating that the UV-opaque filter did not alter the level of
aggression or attacks (average number of attacks per minute
scored over a 10 min interval). However, there was a highly
significant interaction between filter combination and pre-
ferred intruder (F3,81 = 5.151, mean squared error = 4.61, p =
0.003), indicating that the UV-opaque filter did affect selec-
tivity. Paired t tests revealed that the territory owners attacked
their preferred intruder more frequently than the nonpreferred
intruder if the UV patterning was visible (p < 0.0001), but not if it
was blocked by the UV-opaque tube lining (p = 0.4). The results
also revealed that whenever a nonpreferred intruder was
shown together with a preferred intruder under UV+ condi-
tions, the response toward the nonpreferred intruder was
lower than under conditions in which the preferred intruder
was shown under UV2 conditions. This suggests that there
may be a maximum number of attacks that a territory owner
will carry out in any particular time interval.
It would appear, on the basis of this first experiment, that the
presence of UV patterns is necessary for species discrimina-
tion. However, we cannot say at this point whether it is the
presence of the pattern per se or rather the level of UV that
forms the basis of this discrimination. For that reason, a further
control condition was run in which one fish appeared in a UV-
transparent tube and another appeared in a UV-opaque tube.
Analysis of the results revealed that even in the case of a non-
preferred intruder presenting UV patterns and the preferred
intruder not, the territory owner did not switch to attacking
the nonpreferred intruder simply in response to the presence
of UV light (Figure 2). This rules out the possibility that the terri-
tory owner was basing attacks simply on differences in the
average UV light being reflected by the two fish.
Having established that the UV patterns are necessary for
species discrimination, we then sought to determine whether
facial patterns are also sufficient for that purpose. To do this,
we conducted a second experiment using test images con-
taining nothing but the facial patterns of Ambon and lemon
damselfish faces. The patterns were constructed in such a
way that they provided contrast to the UV-sensitive cones
Figure 1. Body Shape, Colors, and Facial Patterns of the Two Species of Damselfish Used in the Experiments
(Aa and Ba) Body shape and colors of the two species, seen in human-visible colors.
(Ab–Ae and Bb–Be) Binarized (thresholded) images of the UV facial patterns of four different individuals of Pomacentrus amboinensis (Ab–Ae) and
P. moluccensis (Bb–Be), scaled to match the square outlines depicted in (Aa) and (Ba). Scale bar represents 1 cm. The patterns shown in (Ab) and (Bb)
were used in experiments 2 and 3. For differences in spectral reflectance as perceived by P. amboinensis, see Figure S1.
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408(Figure S3). Face discrimination was tested by first training
Ambon damselfish to a specific facial pattern and then testing
the fish in a two-alternative forced-choice procedure against
another facial pattern. One group of fish (group A; n = 3) was
trained to a conspecific face while another group (group B;
n = 3) was trained to a heterospecific (P. moluccensis) face
(Figures 1Ab and 1Bb, respectively). The experiment was con-
ducted under natural illumination conditions with freshly
caught Ambon damselfish, because it is known that some
fish lose their UV sensitivity when changing habitat and/or life
stage [10]. Within 10 days of capture, all fish performed ata level
of at least 75% correct choices (Figure 3), and their responses
were all found to be significantly different from chance (Fisher’s
exact test, a = 0.05, p < 0.001). Overall, group A reached
a response rate of 77% correct (upper confidence interval
[CI] = 79.9, lower CI = 67.5), and group B reached 75% (upper
CI = 80.6, lower CI = 63.7). No significant difference was found
between the two groups, indicating that both stimuli wereFigure 2. Results from Experiment 1
Aggressive behavior (average number of aggressive attacks per minute, 6
standard deviation) of 28 territory owners when presented with preferred
and nonpreferred intruders (as determined in the UV+/UV+ condition).
Intruders were presented in either UV-transparent (+) or UV-opaque (2)
containers. The two control conditions (preferred intruder in UV+/nonpre-
ferred intruder in UV2, and nonpreferred intruder in UV+/preferred intruder
in UV2) are also shown. Treatment 1 (t1), UV+/UV+; treatment 2, UV2/UV2;
treatment 3, UV+/UV2; treatment 4, UV2/UV+. ***p < 0.001; **p < 0.01. For
the effect of the filter material on the spectral reflectance of the fish, see
Figure S2.equally easy to learn (Fisher’s exact test, a = 0.05, p = 0.84).
Overall, these results indicate that Ambon damsels are indeed
able to use UV facial patterns to distinguish between species.
Furthermore, because the two patterns used in experiment 2
were carefully matched in terms of luminance levels across
the entire UV spectrum, it was not possible for the fish to use
some intrinsic difference in the spectral range or magnitude
of the UV to differentiate the patterns.
In a third and final experiment, we tested whether the
discrimination ability measured in the previous experiments
was dependent on the presence of UV reflectance or whether
the fish were able to make this discrimination on the basis of
the pattern information alone. To do this, we repeated experi-
ment 2 with stimuli that provided contrast to all photorecep-
tors sensitive to the human-visible spectrum (400–700 nm)
but not to the UV photoreceptors. This was done by binarizing
(thresholding) the patterns and printing them in black on UV-
absorbing white paper. To control for the possibility that the
discrimination was based on luminosity, we selected patterns
of equal luminosity. Again, one group of fish (group A; n = 3)
was trained to the facial pattern of a conspecific while a secondFigure 3. Facial Pattern Discrimination Results from Experiment 2 and
Experiment 3
Facial pattern discrimination results from experiment 2 (white bars: UV-
reflective white patterns on UV-absorbing background; mean6 95% confi-
dence interval) and experiment 3 (black bars: black pattern on UV-absorbing
white background; mean 6 95% confidence interval). In each case, the
results of groups trained on the heterospecific and conspecific facial
patterns were combined, because no differences were found between
them. For differences in reflectance between the pattern and background
of the stimuli used in experiment 2, see Figure S3.
Figure 4. Fish Behavior Captured during Two of the Experiments
(A) Experiment 1: interaction of a territory owner with an intruder housed within a light-filtering tube.
(B) Experiment 3: fish in an aquarium choosing between a pair of black-and-white facial patterns.
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409group (group B; n = 3) was trained to the facial pattern of a het-
erospecific.
All fish were able to reliably distinguish the two patterns and
performed at a rate of at least 75% correct within 14 days of
testing (Figure 3). The results were analyzed separately for
each fish and found to be significantly different from chance
(Fisher’s exact test, a = 0.05, p < 0.001 in all fish). Overall, group
A reached a correct choice frequency of 77% (upper CI = 79.9,
lower CI = 67.5), and group B reached 75% (upper CI = 80.6,
lower CI = 63.7). No significant difference was found between
the two groups, indicating that both stimuli were equally easy
to learn (Fisher’s exact test, a = 0.05, p = 0.68).
The results of the three experiments build a compelling case
in support of the proposal that Ambon damselfish utilize
complex facial patterns to discriminate between conspecific
and heterospecific fish. Interestingly, they appear able to do
this equally well when either only their UV cones (experiment
2) or only their cones sensitive to 400–700 nm (human-visible
light; experiment 3) receive contrast information.
In humans, contrast to the long- and middle-wavelength-
sensitive cones is required for high-frequency pattern discrim-
ination [6]. A similar picture emerges for a large range of other
terrestrial creatures including animals as diverse as bees and
birds—although the requirement in their case is that the
contrast specifically activate their long-wavelength receptors
[6]. Our results demonstrate for the first time that a creature
exists that is able to discriminate between fine-scale UV
patterns using only their short-wavelength receptors (UV
cones). The fact that this ability has been found in a fish
suggests that nonterrestrial animals may have evolved
different pathways for luminance and color vision compared
to terrestrial animals.
Ambon damselfish are territorial protogynous hermaphro-
dites that live in groups with a single dominant male and
several females that compete for the opportunity to lay eggs
during the breeding season [11]. Fine-scale UV patterns, which
are invisible to most predators or in fact to any fish more than
a few body lengths away [12], may not only be involved in
species recognition but also provide important information
about an individual’s performance or hierarchical status [13].
Our results thus provide indirect support for the hypothesis
that the UV waveband is used as a ‘‘secret communication
channel’’ [8, 12, 14]. What little other evidence is available for
such a channel has been produced by investigation ofcourtship signals [8]. Here, we have demonstrated a system
in which the majority of the visual variability between two
species lies in their UV facial patterns. Slight variability in
reflectance (yellow and UV) can also be observed; however,
visual modeling [15] shows that this variability is as large within
species as it is between, making species discrimination on the
basis of these differences unlikely (Figure S1). The yellow body
coloration of both species is relatively well camouflaged when
viewed against the brown-dominated background of their
habitat, meaning that the facial UV patterns offer them a mech-
anism for communication without compromising this camou-
flage. We did not directly test whether fish predators are
unable to see the UV patterns, but as with humans, the ocular
media of common predators such as wrasses, coral trout, and
rockcods essentially block UV transmission [16], making this
likely. One might ask why predators choose to filter out the
UV light. There are at least two significant reasons: first, it
enhances contrast [17], which is important for prey detection
over longer distances, and second, it protects their retinas
from UV damage [18], something particularly important in
long-lived species including predators. In relatively shorter-
lived species such as damselfish, the costs of UV damage
may be relatively small and largely offset by the advantages
of having access to a secret communication channel.
Our findings reveal for the first time the existence of an
animal that is able to use complex, patterned, UV signals to
perform species recognition. Although our work currently
deals with the task of species discrimination, differences
between patterns of individuals (see Figures 1Ab–1Ae and
1Bb–1Be) suggest that Ambon damselfish may also be able
to use the patterns for the discrimination of individuals, in a
manner directly comparable to the face-based recognition of
individuals performed by humans. Overall, our findings reveal
UV light to be a complex component of an animal’s reflectance
properties capable of transmitting the spatial arrangement of
patterns, not merely the brightness or presence versus
absence of UV light.Experimental Procedures
Fish Capture and Maintenance
Fish were caught with hand nets while scuba diving near Lizard Island,
Australia. They were housed in separate aquaria to prevent aggressive
behavior and supplied with fresh seawater via a continuous, flow-through
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410system. All experiments were performed according to the Queensland
Animal Care and Protection Act 2001 and were approved by the ethics
committee of the University of Queensland (#VTHRC/194/08/ARC/UQ).
Stimuli
Experiment 1 followed the methods described in [14], except that instead of
two conspecific intruders, one conspecific and one heterospecific intruder
were presented in filter tubes simultaneously (Figure 4A). For experiment 2,
facial patterns were printed on white UV-absorbing paper (reflectance
400–800 nm) and cut out, and the stencil was filled with barium sulfate
(reflectance 300–800 nm; see Figure S3). In experiment 3, laminated print-
outs of black and white facial images (binarized photographs) were used.
In all cases, we chose patterns with the same surface area in order to offer
the same average brightness. A USB2000 fiber optic spectrometer and PX-1
xenon flash light source together with a bifurcated fiber optic cable (Ocean
Optics) were used to measure the reflectance of the stimuli [19]. Five repli-
cates of each stimulus were created and used at random to control for any
imperfections caused by the manufacturing process.
Training and Testing
In general, fish training followed the protocol described in [20]. The fish had
to tap the rewarded stimulus presented on a plank before the feeding appa-
ratus (a syringe filled with fish flake/water mix [20]) was placed into the water
and a reward was given. A two-alternative forced-choice procedure was
used to test the fish. Both the reward and distractor stimuli were presented
randomly in one of two positions on the plank, and the fish were required to
identify the rewarded stimulus by pushing on it with their mouth (Figure 4B).
Both stimuli were shown equally often in each position to control for
possible side bias. One-tailed Fisher’s exact tests were used to determine
whether the tapping distribution (correct versus incorrect taps over the
last three sessions for each fish) was significantly different from chance.
Supplemental Information
Supplemental Information includes three figures and can be found with this
article online at doi:10.1016/j.cub.2009.12.047.
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